A new technique-velocity clamping-was used to study the effects of a constant total velocity of shortening on the interrelation between force, velocity, length, and time in cat papillary muscle. With decreasing values of clamped total velocity, the duration of the contraction increased but never exceeded the duration of an isometric contraction. Hence these findings confirm that the mode of contraction-isometric or isotonic-has a marked effect on the duration of the contraction. The active state can be prolonged when less shortening occurs and more tension is developed. This phenomenon seems mainly due to the amount of shortening rather than to the velocity of shortening of the muscle. The data were also plotted on a threedimensional graph and compared with velocity-length tracings of afterloaded contractions. The force-length trajectories of the muscle during velocity clamping did not fall on the surface described by the force-velocity-length relations as derived from afterloaded isotonic contractions. This finding could be ascribed to the masking effect of the series elastic component due to the continuous adjusting of the load.
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• In a previous study, describing a "load clamping" technique in which sudden alterations in load were imposed on the muscle during the course of shortening, it was shown that for any given total load, the velocity of shortening is determined only by the instantaneous length of the muscle during the course of shortening. Moreover, the surface created by the three-dimensional plot representing the force-velocity relations of the muscle as a function of the change in length of the contractile elements, is largely independent of time from shortly after the stimulus until just prior to peak shortening (1) . It was concluded that the unique velocity-length relation for a given total load must be related to a plateau in the time course of the active state, and cannot be a coincidence due to a simultaneously rising active state and shortening length. Alternatively, a constant plateau of active state would thus refer to the phase of the contraction where the unique surface of the force-velocity-length relation persists. In this sense, active state in heart muscle should be defined neither in terms of its original definition of force development nor in terms of maximum velocity of shortening alone, but rather as the position of the force-velocitylength surface relative to time.
In the present study a new technique termed velocity clamping has been developed. This technique permits a constant velocity of shortening of the muscle during the course of isotonic contractions by appropriately adjusting the load on the muscle. The study was designed to explore how heart muscle behaves under these velocity clamping conditions, and to further analyze whether any additional
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information could be obtained about the interrelationship between force, velocity, length, and time.
Methods
Eight papillary muscles of the right ventricle of the cat were used for this study. The muscles were suspended vertically in a bath containing a modified Krebs-Ringer solution (mM/liter): NaCl 118, KC1 4.7, MgSO 4 -7H,O 1.2, KH 2 PO 4 1.1, NaHCO 3 24, CaCl 2 • 6H 2 O 2.4, glucose 4.5; pH 7.38. The solution was bubbled with a 95% O 2 -5% CO 2 gas mixture. The temperature was maintained at 29°C for all experiments. The muscles were stimulated at a rate of 12/min with rectangular pulses of 5-msec duration, about 10% above threshold and provided through platinum electrodes arranged longitudinally along both sides of the muscle.
The lower nontendinous end of the muscle was held by a phosphor bronze, light muscle grip which was soldered in the middle of the spring of the force transducer. The force transducer system was designed for measuring force from the lower end of the muscle in the bath. This new type of force transducer has recently been described in detail (2) .
The tendinous upper end of the muscle was tied with a short silk thread extending upwards to an electromagnetic lever system (1) mounted on a Palmer stand and fixed immediately above the bath. The lever was made from magnesium with an equivalent mass of 40 mg and was cemented to a coil suspended in a strong field of a permanent magnet. The system had a total compliance of 0.4 fi/g, silk thread not included, and a total equivalent moving mass of 225 mg. The current through the coil was controlled by a transistorized current source. The main current source was calibrated for step changes in force of 0.1 g, 1 g and 10 g, up to a total of 29.9 g. The displacement of the lever was measured with a photoelectric system which was linear for a muscle shortening up to 2.2 mm. The velocity of displacement was differentiated electronically by means of an active differentiating circuit.
Velocity clamping ( Fig. 1 ) was achieved through a feedback design in the electromagnetic lever system. The feedback loop consisted of a second active differentiator, a comparator and an auxiliary current source. The differentiator provided the derivative of the shortening. This signal was compared with a variable reference voltage. No feedback action occurred as long as the output voltage of the differentiator was smaller than the reference voltage. As soon as the output voltage exceeded the reference voltage, the comparator provided an appropriate driving voltage for the Velocity-clamping technique in cat papillary muscle. ACS = auxiliary current source; MCS = main current source; Comp = comparator; Diff = active differentiating circuit (RC time constant 0.1 sec); V re( = reference voltage; P = photodiode system; L = lever; C = coil of electromagnetic system. auxiliary current source. The force imposed on the muscle was increased, and the velocity of shortening was lowered. In this way, the comparator acted as a high gain amplifier, and an appropriate feedback impedance was required to prevent oscillations. The reference voltage was maintained at a constant level in the course of a contraction, and by feedback action, the output of the differentiator had to equal the reference voltage, which means that the velocity of shortening also had to be constant. Different levels of constant velocity could be obtained by altering the reference voltage by means of a potentiometer.
The outputs from the force and the displacement transducers and the active differentiator were transmitted to a multichannel recorder (Hewlett Packard 7848 A) and to an instrumentation tape recorder (Philips Ana-log 7). In this way, the shortening of the muscle, the velocity of shortening, and the force along with the stimulus indication could be recorded simultaneously as a function of time. In addition, force and velocity of shortening were recorded as a function of length during shortening on a storage oscilloscope (Tektronix 564), and pictures were taken with a Polaroid Camera (Tektronix C12). A threedimensional plot on an X-Y plotter (BBN 715) was obtained by subtracting the force from length and velocity by means of two operational amplifiers. The length-minus-tension signal and the velocity-minus-tension signal were used to drive the X and Y axes respectively. The playback speed of the instrumentation recorder during this plot was 16 times slower than the recording speed, to overcome the low sluing speed of the X-Y plotter. In all the phase-plane velocity-length tracings shown in the present paper, only the shortening phases of the contractions from the onset of shortening to peak shortening were considered.
Results
In Figure 2 are shown the effects of an imposed constant velocity of shortening, velocity clamping, of the total muscle on shortening, shortening velocity, and developed force as a function of time (left).
First, an isotonic contraction was recorded with a preload of 0.8 g. Then, the velocity of shortening of the entire muscle was maintained at a constant level near its peak value by appropriately adjusting the load. Subsequently, a series of contractions was recorded in which the velocity was clamped at progressively lower values until a complete isometric contraction was obtained. On the right a series of afterloaded isotonic contractions is shown for comparison, starting with an isotonic contraction at the same preload of 0.8 g, then at increasing afterloads up to a complete isometric contraction.
When both series of contractions are compared, it is striking that the velocity clamping (left) markedly enhances the duration of the shortening phase so that peak shortening is attained at progressively later times, whereas in afterloaded isotonic contractions (right) the duration of the isotonic portion of the contraction is hardly altered. However, the total duration of the contraction during the velocity clamping never exceeds the duration of the isometric contraction.
In A and B of Figure 3 the force-length and the velocity-length tracings of the same two series of contractions as in Figure 2 have been displayed on a storage oscilloscope.
In C a few selected curves of both series were replayed on the X-Y plotter and superimposed directly as a three-dimensional plot. The phase-plane velocity-length data obtained for the isotonic afterloaded contractions without velocity clamping as shown in B and replotted in C confirm previous experiments (1, 3) . In these studies, it was demonstrated that the force-velocity-length relations describe a three-dimensional surface which is independent of time and hence unique for any given state of contractility. Right: Effects of increasing afterloads on the same variables. Initial muscle length (l 0 ) at a preload of 0.8 g was 6.5 mm; maximal developed force (7.9 g) in the same muscle was obtained at a preload of 1.0 g (l maT = 6.53 mm) cross-sectional area 1.1 mm' at Z m0J . Three-dimensional representation of the data obtained in Figure 2 
. A: Polaroid photograph of the forcelength (upper) and phase-plane velocity-length relations (lower) of the velocity-clamped contractions. B: Polaroid photograph of the force-length (upper) and phase-plane velocity-length relations (lower) of the afterloaded isotonic contractions. C:
A few selected tracings of A and B have been replayed from the tape recorder in a three-dimensional manner on an X-Y plotter. The load axis is covered by the recorded isometric twitch contraction. The calibration scales have been adapted appropriately. Since constant total velocity tracings are displayed in horizontal planes of of the three-dimensional figure, it becomes clear in the present graph that these tracings do not follow the surface described by the isotonic afterloaded phase-plane tracings. For the characteristics of the muscle, see Figure 2 .
When the length-tension relations of the velocity-clamped contractions of A are superimposed on the three-dimensional graph, C, it is clear that none of the curves actually follow the surface.
Would this be in contradiction to the uniqueness of this surface? During the "isotonic" contractions of B, the load and hence the length of the series elastic compo-
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nents (SE) remains constant throughout shortening, and thus the surface describes the properties of the contractile elements (CE) directly. On the other hand, when the velocity of shortening of total muscle is held constant as in A, the load on the muscle must constantly be adjusted, so that the SE length is changing accordingly and there is great uncertainty as to the actual CE conditions and movement. It is evident in A that all forcetotal length curves of the clamped contractions fall under the surface when the force is rising, since measured velocity is less than CE velocity. Moreover, A and C of Figure 3 illustrate that in the terminal portion of the shortening phase, when the force is falling, the phase-plane velocity-length relations of the velocity-clamped contraction at the higher velocities cross the velocity-length relation of the isotonic control contraction, so that for the same total length the measured velocity during the clamping is maintained at a higher value than the actual CE velocity. At the same total muscle lengths, e.g., beyond the cross point on the phase plane (A), the velocity values of the clamped contractions represent in fact CE velocities at shorter CE lengths than during the isotonic control contraction. This cross-over phenomenon with clampings at high speeds is thus clearly not due to the prolongation of the contraction during the clamping.
Furthermore, it may be expected that, although the nonclamped isotonic control phase plane is largely independent of time (1, 3) , the terminal shortening portion of the phase plane of the clamped contraction at low speeds is influenced by the time factor. Indeed, it is clear that with a clamped velocity the same amount of CE shortening will be reached later in time than with undamped velocities. This fact becomes clear from the three clampings at very low velocities (A) where peak shortening is markedly reduced.
Discussion
The mode of contraction-isotonic or isometric-and especially the previously demonstrated uncoupling effect of shortening (4) influence the cardiac active state, when the responses with early and late quick releases to a given load are compared. A papillary muscle released during relaxation will lift the load at a time when no capability of active shortening exists if the muscle has been released to the same load early in the contraction.
The present study on velocity clamping is consistent with this view. It appears indeed that the time course of the active state can be prolonged if less shortening occurs and more tension is developed. The longest contraction would thus be expected during an isometric twitch and is indeed confirmed in the present study. Although perhaps even this contraction may be somewhat abbreviated by internal shortening of the CE, the isometric contraction would thus represent a good approximation of the "duration" of active state in heart muscle. Theoretically, a precise measurement of the "duration" of the active state should be best approximated with a controlled stretch as proposed by Brady (5) . This technique can be criticized, however, because of the potential direct uncoupling effect of the stretch on the "intensity" of the active state. A similar uncoupling effect on the intensity of active state has also been demonstrated with quick releases (3) .
With regard to this uncoupling effect of any length change on the active state, none of the previous studies has helped to analyze the relative contribution of the effect of length change per se or of the velocity of length change. Moreover, since at any given time during the velocity-clamped shortening phase, again both the amplitude and the velocity of shortening are decreased simultaneously, even the present velocity clamping experiments do not contribute an answer to this problem. Therefore, an additional experiment is shown in Figure 4 . A papillary muscle contracting isometrically at a length (\ x ) where developed force was maximal (l ma x), is released at A, B, and C to a length (1 2 ) which is 1 mm shorter than l ma *. Each release is performed at five different constant speeds starting with a very fast release (within 4 to 5 msec) up to a release lasting approximately 100 msec. All 15 release contractions together with the two isometric control twitch contractions at li and lo have been superimposed in Figure 4 . It is clear that at A, B, and C independent of the velocity of the release the postrelease force development is always markedly depressed compared to P2. From this experiment it thus appears that the uncoupling effect of shortening could be due to the length change rather than to its velocity. On the other hand, this conclusion cannot be generalized, since in Figure 2 , right, despite different extents of shortening, the end of the isotonic phase, and hence the eventual uncoupling effect, is reached at almost identical times for all afterloaded contractions. Part of this discrepancy of the influence on the active state might be due to the fact that, for release and stretch experiments, length changes were imposed, whereas for isotonic experiments or velocity clamped contractions the force was the controlled variable. In this regard, from previous experiments on load clamping (1) it could be concluded that when force is the controlled variable, imposed changes in force themselves do not alter the time course of Relative contribution of extent and velocity of length change on isometric force development. l t (8 mm) is initial length at a preload of 1.1 g (l max ); l t is initial length at a preload of 200 mg; P t is force development at I,; P t is force development at l t ; cross-sectional area at l maj . 1.0 mm 1 .
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active state. Hence, during the velocity clamped contractions the decreasing extent of length change rather than the simultaneously decreasing velocity of shortening or increasing magnitudes of imposed force themselves would be mainly responsible for the prolongation of the active state.
From the present experiments, it has also become clear that the force-length trajectories of the muscle do not fall on the surface described by the force-velocity-length characteristics of heart muscle as derived from afterloaded isotonic contractions. During isotonic contractions, the load, and hence the SE, remains constant throughout shortening. Thus the surface describes the properties of the CE. On the other hand, by maintaining a constant external muscle velocity it is impossible to obtain a constant CE velocity because of the masking effect of the SE due to the continuous adjusting of the load. Thus, from the present experiments with external muscle velocity clamping, it would be rather difficult to interpret the behavior of heart muscle in terms 315 of a unique surface of the CE. However, velocity clamping of the CE is very difficult to perform with papillary muscles. It would be necessary to derive the instantaneous velocity and length of the CE from measured variables and from assumed or measured properties of the series (SE) and parallel (PE) elastic components.
